] Cyt . Our results also hint at a possible pathological mechanism in which abnormally high [Ca 21 ] Cyt arises when the IP 3 R-MCU distance is in excess of the optimal range.
PNAS 17 even argued that the mitochondria may not act as a significant dynamic buffer of cytosolic Ca 21 under physiological conditions.
Computational models provide a valuable tool for understanding of the mechanisms underlying Ca 21 signal transduction 18 and the dynamics of Ca 21 release from the ER has been extensively modeled [19] [20] [21] [22] [23] . Some models only focused on mitochondrial Ca 21 dynamics 24, 25 . Dash and co-workers developed a detailed kinetic model for MCU to match published data sets on mitochondrial Ca 21 uptake 25 . However, the involvement of both the ER and mitochondria in Ca 21 dynamics has only been considered in a limited number of models 18, [26] [27] [28] [29] [30] . In the earlier models 18, 26 , it was postulated that the MCU substantially sequesters Ca 21 when [Ca 21 ] Cyt , 1 mM, in contrast to experimental evidence that the MCU actually sequesters Ca 21 in the range of 10-20 mM 3, 31 . Dupont et al. 28 modeled the effect of Hint2, a mitochondrial protein, on cytosolic Ca 21 dynamics in hepatocytes. However, in these models the maximum value of ER luminal [Ca 21 ] ([Ca 21 ] ER ) is in the order of several to several tens of mM, deviating drastically from most of the measured figures of 100-900 mM 32 , and the value of [Ca 21 ] Mt was also significantly underestimated. More importantly, except the model proposed by Szopa et al. 29 , none of them take into account the high [Ca 21 ] Cyt microdomain, which is critical for mitochondrial Ca 21 signaling. The model considered by Szopa et al. 29 is a modification of the model from ref. 26 , analyzing the influence of microdomain on the period and shape of calcium oscillations. They supposed that MCU sense elevated Ca 21 concentration which is directly equal to that in ER 29 . This assumption is incoherent with the experimental observation that [Ca 21 ] Cyt in microdomain is about several tens of mM, which is about 10-fold higher than that in the bulk cytosol 7 and about 10-fold lower than that in ER 32 . Thus, there is a lack of model to quantitatively investigate how the crosstalk between the ER and mitochondria controls Ca 21 signaling. Here we consider a more realistic model to investigate the role of mitochondria in Ca 21 signaling to couple the ER and mitochondria based on the Ca 21 microdomain. A cytosolic microdomain is specifically considered in order to discuss the MCU dynamics and so each MCU specifically responds to the local high Ca 21 concentration in microdomain generated by a cluster of IP 3 Rs. Our results demonstrate the critical role of mitochondrial Ca 21 uptake in modulating IP 3 R-released Ca 21 signaling. We show that the location of the MCU relative to IP 3 Rs is a key determinant for modulating Ca 21 signals. There is a critical IP 3 R-MCU distance at which 50% of the ERreleased Ca 21 21 exchange between cytosol and external medium through the plasma membrane, is considered to investigate the coupling effects between the ER and mitochondria on Ca 21 signaling ( Fig. 1(a) ). As a result, the model has three compartments: cytosol (Cyt), ER and mitochondria (Mt). As shown in Fig. 1(a) 34 . With the assumption of constant Y, the driving force for MCU can be given by 35 
DW~b
F(y{y 0 ) RT e bF(y-y 0 )
Here F, R, and T are the Faraday constant, the gas constant and the Kelvin temperature, respectively; b and Y 0 are fitting parameters 35 . As a regulatory subunit, MICU1 senses [Ca 21 ] in mitochondrial intermembrane space to set a threshold for MCU 33 . 
where [Na 1 ] Cyt is Na 1 concentration in the cytosol, v NCX is maximal NCX activity, both k Na and k NCX are activation constants for NCX.
Microdomain crosstalk between the ER and mitochondria. Now we describe a microdomain model that represents the crosstalk occurring between closely situated ER and mitochondria ( Fig. 1(b) 21 ] Cyt . Here we also assume that the ER membrane acts as a flat boundary to limit the Ca 21 diffusion in a half 3-dimensional space, i.e. the cytosolic microdomian ( Fig. 1(b) ). Using hemispherical symmetry of Ca 21 diffusion from a point release source, the sharp distribution around the release point can be established with a signal equation analogous to the linear cable equation 44, 45 . As a solution of the linearized reaction-diffusion equation, the microdomain [Ca 21 ] is given by
Here, D c is the diffusion coefficient for free Ca
21
. ] distribution at distance r around the point source, i.e., the IP 3 R cluster center. In our model the parameter r is the distance between the MCU and the IP 3 R cluster center, which we will call the IP 3 R-MCU distance in the paper. Thus, [Ca 21 ] Mic is the microdomain Ca 21 concentration that the MCU sees. Considering MCUs located on IMM, here we also simply assume that the outer mitochondrial membrane (OMM) has little effect on the Ca 21 diffusion as it has high permeability to Ca 21 6 . 21 ] is in anti-phase with them, also as observed experimentally 13, 47 . Having established that the salient features of the Ca 21 dynamics of our model are in good agreement with existing experimental observations, we examined the effect of manipulating the mechanisms modulated by the crosstalk of the ER and mitochondria. Thus, we also performed simulations in which mitochondria were absent from the model (Fig. 2b) . The minimal values of [Ca 21 ] ER are 311 mM and 276 mM in the absence and in the presence of mitochondria, respectively (Fig. 2) , indicating that more Ca 21 ions are released from the ER during each spiking cycle in the presence of mitochondria. The maximal values of [Ca 21 ] Cyt are 5.6 mM and 2.5 mM in the absence and in the presence of mitochondria, respectively (Fig. 2) 21 ] trajectories in microdomain, ER, mitochondria, and cytosol during a single cycle at varying IP 3 R-MCU distances. By decreasing the IP 3 R-MCU distance from infinity (we used simulations in which mitochondria were absent from the model as the infinite IP 3 R-MCU distance), the [Ca 21 ] Mic in microdomain increases according to Eq. 16 against distance (Fig. 3a) , giving an increase in mitochondrial Ca 21 uptake. As a result, the minimal [Ca 21 ] ER steadily decreases (Fig. 3b) (Fig. 3c) . However, an unexpected finding is that the [Ca 21 ] Cyt spike amplitude first decreases but then increases as the distance decreases (Fig. 3d) . 21 ions that diffuse into the cytosol, which is related to the total amount of Ca 21 ions released from ER through IP 3 Rs and the fraction which are taken by mitochondria. In the model, the total amount of Ca 21 released from the ER through IP 3 R and the fraction accumulated by mitochondria through MCU during each oscillating cycle are plotted in Fig. 4c as a function of IP 3 R-MCU distance. The fraction of mitochondrial Ca 21 uptake increases monotonically with decreasing distance indicating an increase in the ability of the mitochondria to take up Ca 21 at closer distances. Our simulation shows that at 30 nm distance, about 50% of the ER-released Ca 21 ions are taken up by mitochondria (see green line with stars in Fig. 4c) . As a consequence, r crt 5 30 nm acts as a critical distance for mitochondria to modulate cytosolic Ca 21 signaling: At r . r crt , more ER-released Ca 21 ions will diffuse into the cytosol than be taken up by mitochondria; whilst at r , r crt , mitochondria will capture the majority of Ca 21 ions released from ER. Fig. 4c ). This raises a critical question: with decreasing distance at r , 20 nm, how can [Ca 21 ] Cyt spiking amplitudes increase (violet line with diamonds in Fig. 4b) , while the total amount of Ca 21 released from the ER decreases (black line with squares in Fig. 4c ) but mitochondrial Ca 21 uptake fraction increases (green line with stars in Fig. 4c) Cyt . An example of definition of these parameters is marked in Fig. 2a for spike curve at distance r 5 35 nm.
We first discuss the simple situation at r . r crt . As shown in Fig. 4d when r . r crt , the spike width increases with decreasing distance, which primarily arises from an increase in the duration of the decay time, whereas the rising time is rapid and shows little change with distance. As r decreases, the ability of mitochondrial Ca 21 Fig. 4d ), the spike width actually becomes smaller due to a decrease in the decay time (blue and red lines in Fig. 4d ). At this small distance, the rising time consists of both a slow rising phase and an abrupt rising phase. As an example, the slow rising and abrupt rising phases for a spike at distance r 5 10 nm are indicated by arrows in Fig. 3a&b . The mitochondrial Ca 21 uptake is so strong that, at the beginning of each oscillating cycle, most of the ER-released Ca 21 ions are directly driven into mitochondria, leading to a rapid increase of [Ca 21 ] Mt (Fig. 3c) , but a very slow increase of [Ca 21 ] Cyt (Fig. 3d) With shorter IP 3 R-MCU distance, the mitochondria become more saturated prior to the abrupt rising phase, and thus during the abrupt rising phase the Ca 21 ions released from the ER diffuse more into cytosol, generating a higher amplitude spike in [Ca 21 ] Cyt (violet line with diamonds in Fig. 4b at r , 30 nm) . In turn, the elevated [Ca 21 ] Cyt peak induces a strong inhibitory effect on IP 3 R dynamics, such that spikes decay faster as the IP 3 R-MCU distance decreases (red line with circles in Fig. 4d ).
The changes with distance seen in the amount of Ca 21 ions released from the ER during the rise and decay phases can then explain why the total amount of ER-released Ca 21 reaches a maximum around r 5 20 nm. At r . r crt , as the rising time is fast and little affected by distance (close to 6 s as shown in Fig. 4d) , the elevation in the total amount of ER-released Ca 21 with decreasing distance mainly related to the increase of the decay phase. By decreasing r at r crt . r . 20 nm, although the amount of ER-released Ca 21 ions during the decay phase decreases because of the shortened decay duration (red line in Fig. 4d) , the amount of ER-released Ca 21 ions during the rising phase increases because of the prolonged rising duration (black line in Fig. 4d) . As a result, the total amount of Ca released by ER keeps increasing with decreasing r for r crt . r . 20 nm. However, at very short distance of r , 20 nm, during the rising phase the ER-released Ca 21 ions almost saturate both mitochondria and the cytosol, giving a maximal Ca 21 amount released by ER during the rising phase (see the open circles in Fig. 4c at r , 20 nm). Then, the change of the total amount of ER-released Ca 21 is typically determined by the change of decay time, leading to a decrease in the total amount of ER-released Ca 21 with decreasing distance at r , 20 nm.
Thus (Fig. 5b) . Such a bifurcation diagram for r 5 60 nm is depicted in the inset of Fig. 5b (Fig. 5b) .
[ Fig. 5c ) is typically obtained with IP 3 R-MCU distances of 20 to 85 nm or distances of 15 to 150 nm, respectively.
Robustness with varying clustered IP 3 R number. In above study, we only consider a cluster in which n IP3R 5 4 IP 3 Rs correspond to a single MCU. Experimental evidence suggests that IP 3 R clusters typically contain a handful (,4) of IP 3 Rs 41, 42 . Next we discuss the robustness of the model's behavior upon slight changes in n IP3R (from 4 to 3, and 5). By calculating the fraction of Ca 21 ions accumulated by mitochondria compared to the total amount of Ca 21 released from the ER, we see that the critical distance is changed to 20 nm for n IP3R 5 3 and 35 nm for n IP3R 5 5 ( Fig. 6(a) ). Fig. 6(b) gives the value of [IP 3 ] at the right bifurcation point against distance with varying n IP3R . A common region to find the right bifurcation [IP 3 ] is obtained with distances of 33 to 93 nm. better MCU model should also consider the regulation effect of MICU2 on the MCU channel activity. Our model is primarily designed for non-excitable cells, i.e. a 'closed' cell model, ignoring the Ca 21 exchange between cytosol and extracellular medium through the plasma membrane. Thus, a more realistic Ca 21 model should be considered in the future. However, despite oversimplification in some details, we believe that the present model is useful and may provide us some insights on how the crosstalk between the ER and mitochondria modulates Ca 21 signals in living cells.
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